Abstract. JPEG2000 Standard (ISO/IEC 15444, ITU-T T.800) is a new-generation image compression
Introduction
Part 1 of the new still-picture compression standard JPEG2000 1 was recently settled. * Compared to JPEG, the new standard promises to produce better quality in all bitrate regimes and in particular, at low bit rates. JPEG2000's enhanced performance, enabling image compression at very low bit rates with acceptable quality, stems from a number of new and innovative features incorporated in its definition, with its use of wavelet transforms being one such prominent feature. A wavelet-based coder can use only a very small fraction of the transform coefficients and can rather coarsely quantize the rest, still to achieve an acceptable reconstruction. However, lossy wavelet-based image compression generally induces ringing artifacts around edges in the compressed image. These artifacts arise due to the fact that high-frequency components of the image are either annihilated or coarsely represented by the quantization process in wavelet-based coders. It is desirable to obtain an image free of compression related artifacts, practically with reduced compression related artifacts, thus improving image quality at low bit rates. An artifact-free image can be estimated from the compressed image by maximum a posteriori ͑MAP͒ estimation. 2, 3 The problem is to estimate the artifact-free image given a compressed image. For transform-based codes, the conditional probability is modeled in the trans-form domain, while the prior probability is modeled in the spatial domain. In POCS ͑projections onto complex sets͒ approaches, 4 ,5 the problem of obtaining an artifact-free image involves finding an image that satisfies the constraints being derived to explicitly model coding artifact induced degradation severity. These methods define constraint sets from observed data or prior knowledge of the solution, and try to reconstruct the original image by POCS. Both MAP estimation and POCS approaches require iterative algorithms to find a solution. Since each iteration involves forward and inverse transforms to switch back and forth between transform and spatial domains, MAP estimation and POCS-based algorithms in this context introduce a further computational load in addition to the usual complexity of iterative algorithms. This aspect increases the computational complexity significantly.
The filter against ringing artifact proposed by Shen and Kuo, 6 which is also described in JPEG2000 VM 7.0, is considered to be a suitable postprocessor for JPEG2000. The filter against ringing artifact replaces each pixel value with a function of the values of neighboring pixels that are within a specified window. To smooth a sharp edge, the filter against ringing artifact uses a number of adaptive noise reduction algorithms. Essentially, the filter against ringing artifact attempts to detect edges in the image in a different way to preserve them. Shen and Kuo also introduced the idea of image ringing artifact reduction through nonlinear filtering by using different kinds of potential functions. Clearly, modeling the compression noise in the spatial domain is a difficult problem, particularly for ringing artifacts.
The filter against ringing artifact proposed by Oguz 7 and Oguz et al. 8 is capable of reducing the ringing artifact. The mathematical morphology based post-processing algorithm first employs edge detection followed by some binary morphological operations to isolate the regions of an image containing visible ringing artifacts. Then, a gray-level morphological filter is applied to eliminate ringing within a constraint region. This algorithm has an edge-and finedetail-protection performance, possesses a very low computational complexity, and is very suited for hardware implementation.
This paper adopts the quad-tree partitioning scheme for postprocessing the compressed image and presents a set of morphological filters for reducing the ringing artifacts of natural images. The proposed voting strategy is used to select the morphological filter for each quad-tree partition block to optimize the filtered image quality ͓in the sense of minimizing the sum of absolute differences ͑SAD͔͒. Applying the appropriate morphological filter to each block can enhance image quality. Section 2 reviews the quad-tree decomposition. Mathematical morphology is introduced in Sec. 3, along with the set of morphological smoothing filters employed in this paper. Section 4 describes the overall algorithm proposed against ringing artifacts and details the encoder and decoder side components of the algorithm. Section 5 presents simulation results and Sec. 6 draws conclusions.
Quad-Tree Decomposition
Before applying the proposed filter against ringing artifacts to the compressed image, it is important to extract information on edge pixels, since the pixels along the around the edges must be processed carefully. Therefore, this process aims to preserve the image detail while trying to reduce the ringing artifact around the edges. Ringing artifact regions are detected using the following sequence of operations. First, an edge map is generated using the Canny edge detector.
9 Figure 1 displays the output from the Canny edge detector.
This paper adopts the efficient quad-tree partitioning scheme, [10] [11] [12] to postprocess the compressed image. The main purpose of applying quad-tree partitioning is to enable the postprocessing method to adapt to the local features of the compressed image to promote global image quality. Initially, a threshold is required to classify block smoothness as well as a predefined minimum block size to stop the process of iteratively subpartitioning nonsmooth blocks. To determine block smoothness, this study simply calculates the absolute difference between the maximum and the minimum gray-level values in a block. If this absolute difference exceeds the predefined threshold, the block is further divided into four equal-sized subblocks. The partitioning process is iterated in each block until either the smoothness meets the predefined criterion or the block size equals the predefined minimum size.
As a result of quad-tree partitioning, the image is divided into different sized blocks according to its local features. In large blocks, namely, 8 ϫ 8 or larger, the gray-level values in the block are almost the same. A main concern here is that the details within small blocks, i.e., size 4 ϫ 4 or 2 ϫ 2, may carry important information for natural images, such as edge or texture, in addition to ringing artifacts. Figure 2 shows an example of quad-tree partitioning in the compressed image "Lena."
Mathematical Morphology
After dividing the image into blocks, the main operation of the postprocessing algorithm can be performed efficiently. In each block, morphological filtering [13] [14] [15] [16] is performed to enhance image quality. The concept of morphological filtering is illustrated in Fig. 3 . The best performing structuring element ͑SE͒ and morphological operation pair is determined for each partition block using the SAD measure between the filtered and the original image blocks. The algorithm selects the best filter as the one that minimizes the sum of absolute differences between the two blocks with "no filtering at all" being a viable option. The gray-scale morphological dilation operation performed in this paper proceeds as follows: it selects the maximum pixel value within the domain of the SE and all elements in the SE are set to be zero. Similarly, the gray-scale morphological erosion operation performed in this paper proceeds as follows: it selects the minimum pixel value within the domain of the SE and all elements in the SE are set to be zero. Gray-scale dilation and erosion are represented as follows:
Gray-scale dilation of f by b: denoted f b, is defined as
Gray-scale erosion of f by b: denoted f⌰b, is defined as
where D f and D b are the domains of f and b, respectively. Mathematical ͑gray-scale͒ morphology provides an interesting collection of nonlinear filters with smoothing properties and low implementation complexity, making it more coherent with the presented algorithm. Nonlinear filters have become very important tools in signal processing, and especially in image analysis and computer vision. Geometrical structures, i.e., shape and size, of image objects are frequently crucial features, and so they should be processed 
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Oct-Dec 2005/Vol. 14(4) 043002-3 Table 1 Simulation-based analysis of mean PSNR improvement achieved by each structural element in Fig. 4 . by systems that can accurately detect and properly modify them. A broad and useful class of nonlinear filters with such properties, is based on the general framework of mathematical morphology. An interesting feature of these nonlinear filters is their performance in handling various types of non-Gaussian noise. As is well known, linear filters can optimally ͓in the sense of maximizing the SNR or minimizing the mean square error ͑MSE͔͒ suppress additive white Gaussian noise. In contrast, if the signal is corrupted by impulse noise, i.e., salt and pepper noise, then nonlinear filters such as morphological or order statistics filters, can be very effective in reducing it. A ringing artifact is a strongly signal dependent distortion in terms of location and visibility. Notably, mathematical morphological filtering can capture certain characteristics of ringing artifacts and hence be applied with success to filter out these artifacts from the edge structures.
To reduce the complexity and computation time, this study only considers 3 ϫ 3 SEs and dilation and erosion as morphological filters. This study assessed 16 predefined SEs. They are differentiated by their domains, as shown in Fig. 4 . Notice that all elements in the 3 ϫ 3 windows are set to be zero. However, only the dark pixels are included in the domain of each SE. Figure 4 covers all possible orientations and used dilation, erosion, opening, and closing. For all possible SE and operator combinations, peak SNR ͑PSNR͒ improvements were measured. Table 1 lists the simulation of mean PSNR improvement achieved by each structural element in Fig. 4 . Data analysis yields the following guidelines for filter design. Most notably, the experimental results show that SE1 to SE8 are more successful in enhancing the compressed image contaminated with ringing artifacts and that each SE can improve specific features of the compressed image. In its final form as employed in this work, for a quad-tree partition block, the filter can select one of the four SEs ͑SE7, SE8, SE4, SE1͒ and use it in conjunction with one of the two morphological operations ͑dilation, erosion͒ according to the criterion of achieving the greatest improvement in SAD.
Ringing Artifact Filtering Algorithm, Encoder
and Decoder Components On the encoding end, this study uses the voting strategy to choose the most suitable filters. That is to say, the encoder postprocessor applies all eight morphological filters to each quad-tree partition block in the compressed image and measures the SAD improvement brought about by each filter. The filter leading to the minimum SAD value is selected. To reduce the bandwidth required by the side information, the sequence of filter choices must be further encoded in a lossless manner. On the decoding end, once the decoder postprocessor recovers the exact filter information, it applies the selected morphological filters to each block.
The postprocessing algorithm can be summarized as follows:
At the encoder end input: Original image P, compressed image PЈ, quad-tree partition threshold, minimum block dimension, edge map E and morphological operations ͑four SEs with both dilation and erosion͒ OP͑1͒ to OP͑8͒.
The output is side information for filter against ringing artifact.
Step 1. Partition PЈ into unequal-sized blocks using quad-tree partition, and check whether the edge information in quad-tree partition ͑QT͒ is consistent with E. If so, partition P using QT and go to step 2. Otherwise, change threshold and repeat step 1. The edge map E generated from the Canny edge detector is determined to be consistent with the edge information extracted from the QT representation if more than 90% of the edge pixels in E is a subset of the pixels forming all 2 ϫ 2 and 4 ϫ 4 blocks in the QT representation.
Step 2. Calculate the sum of absolute differences for every block of QT, Diff͑i͒ = ͚ l abs͓P͑x , y͒ − PЈ͑x , y͔͒, where ͑x , y͒ are the coordinates of a pixel in the i'th block. The summation is taken over all pixels in the i'th block. 
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Journal Step 3. Select an unprocessed block PЈ ͑i͒ and apply all eight morphological filters. Save the outputs from all eight filters, say MPЈ͑1͒ to MPЈ͑8͒. Step 4. Sort MPЈ͑k͒ according to their SAD measures with respect to the same block of the original uncompressed image. Select the number k if MPЈ͑k͒ yields the smallest SAD value and the SAD value is smaller than Diff͑i͒. Otherwise, leave the block unchanged.
Step 5. Repeat starting from step 3 until all blocks are processed.
Step 6. Compress the filter information by entropy coding.
At the decoder end input: compressed image RЈ, threshold of quad-tree partition, minimum block dimension, and the sequence of morphological filters determined by encoder side postprocessing
The output is filtered image Q.
Step 1. Copy PЈ to Q.
Step 2. Partition PЈ into unequal-sized blocks using quad-tree partitioning in a manner identical to the encoder side postprocessing. Step 3. Select an unprocessed block PЈ͑i͒ and apply the signaled morphological filter to it. Assume that the filtered block is MPЈ͑k͒.
Step 4. Replace the corresponding block in Q with MPЈ͑k͒. However, if the side information of this block indicates that no suitable predefined filter exists, leave the block unchanged.
Figures 5 and 6 illustrate flowcharts of the ringing artifact filter's encoder and decoder components respectively. The algorithm uses 2 or 4 as dimension threshold and uses ͑20,40,60,80,100͒ as partition threshold. If algorithm begins from ͑512,100͒, the "change threshold" step will determine next threshold in one of ͑256,80͒, ͑256,100͒, ͑512,80͒. The criterion is depending on result of total 1 bit in QT and E. If all 1 in E is higher than 90% subset of 1 in edge information of QT, it can conclude that QT is the same as E. The number of bits needed to represent the side information associated with the filter against ringing artifact can be expressed as
where N n represents the number of n ϫ n blocks. The value of B SE depends on the number of SEs, and can be represented as where ceil͑.͒ is the ceiling function, rounding all positive real numbers to the nearest integer equal to or greater than its argument. The multiplicative factor 2 is required due to the allowed use of both dilation and erosion operations with each SE, and the additive term 1 is required due to the option of not using any kind of filtering at all for a particular block. Equations ͑3͒ and ͑4͒ provide an upper bound on what can be achieved by an entropy coder acting on the side information. It can use the correlation of filter choices in neighboring blocks to advantage for reducing the amount of side information through actual entropy coding.
Simulation Results
This section demonstrates some simulation results on the proposed postprocessing algorithm. As described, this paper uses quad-tree partitioning as a preliminary step of the proposed postprocessing algorithm. Two parameters strongly influence the quad-tree partition in the system described here. The first parameter is the partition threshold; the smaller the threshold is, the more blocks the image is divided into. The second parameter is the minimum block size. Generally, smaller blocks can preserve finer image features than larger blocks. Two different objective measures were employed in our simulations for quantitative performance evaluation. The classical performance is evaluated by the following criterion: PSNR expressed in decibels. PSNR is a pixel fidelity measure that can be calculated as PSNR = 10 log 10 255
where T denotes the total number of pixels in an image of size n ϫ n, hence T = n 2 , while x and xЈ represent the original and decoded/postprocessed pixels, respectively. PSNR has been widely adopted as a fidelity measure in the field of image compression. In this study, a new objective measure, the so called visible ringing measure 7, 8 ͑VRM͒ is also used, which aims to quantify the amount of ringing in a given image consistent with human visual perception. It uses sample pixel intensity variance in 4 ϫ 4 subimages in the exposed regions of the HVS-adjusted filtering mask 7, 8 as a measure of visible ringing. VRM is calculated as follows: 
where q denotes the total number of 4 ϫ 4 blocks that the bit map of edge information in quad-tree partition is 1, k and l denote the index of the 4 ϫ 4 ringing block, while x and xЈ represent the original and decoded/postprocessed pixels respectively. In this study, some experiments were conducted on 512ϫ 512 gray-scale images with 8 bits/ pixel. A total of eight morphological filters were used. The minimum block size was set to 2 for a partition threshold of 100 and 2 for a partition threshold of 80. The two parameters of quad-tree partitioning were determined empirically, i.e., through simulations, on the basis of side information amount and morphological filter performance.
Some images filtered by the proposed method are illustrated in Figs. 7-9. In these figures, the original image, the compressed image ͑compressed by JPEG2000͒, the filtered image, and another compressed image ͑again by JPEG2000͒ at a higher bit rate to account for the side information overhead are shown. Note that the visual quality of the filtered images is also enhanced. Table 2 reports the results of some experiments executed on the compressed image "Lena." The statistics show that it is possible to obtain further reduction in ringing when using a smaller partition threshold. But then the side information becomes a significant overhead. Table 3 varies the minimum block dimension allowed in quad-tree partitioning. It can be clearly seen that quad-tree partitioning with a minimum block dimension larger than 4 can hardly capture and preserve the image's texture. For comparative purposes, this study also lists the related objective measures, PSNR and VRM, in Tables 4-6. The total consumed bit rate is recalculated to include the side information. Table 7 lists average computational overhead of "Lena" image required by this technique in comparison with Ref. 6 . If the potential function ͑x͒ = min͕rx 2 ,1͖, which is recommended by Shen and Kuo, is used and, the size of the filtering window w ϫ w is 25, then Shen and Kuo's algorithm requires, in the worst case: 1250 multiplications, 1225 additions, and 626 comparisons for each image pixel, or on average: 950 multiplications, 931 additions, and 493 comparisons for each image pixel, or on best case: 501 multiplications, 489 additions, and 286 comparisons for each image pixel. It is clear from this discussion that the proposed method is computationally more efficient than Shen and Kuo's algorithm.
Conclusions
Reducing storage requirements and increasing data transfer efficiency are two reasons for applying compression to natural images. The new still image compression standard, JPEG 2000, is superior to JPEG in dealing with the transmission and storage of images. When images ͑natural image, generated images, cartoons, and graphics image͒ are compressed at medium bit rate, about 0.6 bpp, by JPEG2000, the compression is near by distortion free and image quality appears to remain unchanged. As the compression ratio exceeds 12:1, the compressed images develop ringing artifacts. The proposed filter against ringing artifact is simpler and only needs 1.9% of additions, 0% of multiplications, and 8.2% of comparisons for each image in comparison with JPEG2000 VM 7.0 deringing filter. 6 The proposed method can efficiently eliminate ringing artifact for images coded at different bit rates without requiring a large computation overhead. Owing to its low complexity, the proposed filter is very suitable for hardware implementation.
The main attribute of the proposed algorithm is that it can, to a large extent, preserve the image information while smoothing out ringing artifacts. For regions with strong texture and edge detail, we perform the introduced quadtree partitioning and utilize information from an edge detector so as to avoid loss of edge information. Another previously developed method significantly reduced the visibility of ringing artifacts. 6 However, PSNR improves only slightly and in fact can even decline after the ringing artifacts are removed using the strategy proposed in Ref. 6 . To remove ringing artifacts from images, the proposed voting strategy can select the best morphological filter that can significantly improve the quality of the reconstructed images, in terms of both VRM and PSNR. Also, the fidelity restoration ͑PSNR increase͒ typically enabled by the filter proposed against ringing artifacts makes it a promising approach for stretching the applicability of wavelet based image compression to lower bit-rates.
